Cementitious coatings are widely used as fire protection for steel structures but they are vulnerable to damage from structural deformations. In this paper, damage mechanisms in cementitious coatings on steel members in bending are investigated. A series of monotonically loaded beam tests are conducted to observe the occurrence of cracks and their propagation leading to final failure. The experiments are then simulated using a cohesive zone finite-element scheme, capable of modelling interfacial damage between the coating and steel substrate as well as internal coating damage. The results of the experimental and numerical studies clearly reveal the distinct damage mechanisms of cementitious coatings on both tension and compression sides of structural steel members in bending. Findings from this study provide the foundation for developing practical methods to determine the condition of cementitious coatings on steel structures after a short-duration extreme loading event (earthquake, blast, windstorms), where there is minimal external damage to the building fabric or longduration cumulative damage from moderate levels of repeated non-monotonic loading. It is very unlikely in either of these cases that the integrity of cementitious fire protective coatings has been investigated in current practice. Poisson's ratio of coating ìs
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Introduction
Cementitious fire-resistant coating is one of the most widely used fire protection methods for steel structures because of its many advantages, such as low density, low thermal conductivity (around 0 . 1 W/m K), low cost and non-toxic emissions in fire. The coating is expected to remain effective for many years even though its actual condition is unknown, given that it is usually hidden behind architectural decoration and finishes because of its aesthetically undesirable appearance. During its lifetime, a building structure may be exposed to significant deformations from severe loadings, such as high winds or seismic action. If there are minimal external signs of damage, as is possible in a well-designed structure, it would normally be assumed that the fireproof coating is also in good condition. Furthermore, an invasive and comprehensive inspection in a functioning building would be inconvenient and expensive. However, cementitious fireproof coating has very low strength and ductility, and is therefore prone to damage (Braxtan and Pessiki, 2011; Jin, 2011; Tan et al., 2011) , potentially leading to significant reduction in fire resistance of the protected member (Keller and Pessiki, 2012; Milke et al., 2003; Ryder et al., 2002; Wang and Li, 2009 ). To determine the actual level of passive fire protection in a building in the aftermath of a high magnitude of loading (or after a relatively long period of moderate magnitudes of repeated nonmonotonic loading), it is very important to understand the performance and damage mechanisms of cementitious coatings and to develop methodologies to determine the in situ condition of cementitious coatings under such loadings.
There is very little research that has addressed this issue so far. Among the available research are studies on adhesive/cohesive strengths of spray-applied fire-resistive materials (SFRM) investigated by Braxtan and Pessiki (2011) and Tan et al. (2011) after the 11 September 2001 terrorist attacks. Dwaikat and Kodur (2011) presented a two-dimensional numerical study to investigate fracture and delamination of SFRM on insulated steel plates subjected to static and impact loads, and have provided several qualitative conclusions from the parametric studies, but these need verification by experimentation.
In order to establish a method to evaluate the damage in cementitious coatings on protected steel members subjected to external loading, fundamental research has been carried out at Tongji University. This includes experiments on the mechanical properties of cementitious materials under ambient temperature (Chen et al., 2010 , Jin, 2011 , interlaminar stress analysis on axially and flexurally loaded steel members (Chen et al., 2010; Jin, 2011; Wang, 2008) , monotonic loading tests on members under axial loads and under pure bending (Chen et al., 2010 (Chen et al., , 2012a Jin, 2011 , Jiang, 2012 , and detailed numerical studies (Chen et al., 2012a , 2012b , Jiang, 2012 . In the numerical simulation, a cohesive zone finite-element (CZFE) scheme employing a cohesive zone model (CZM) approach (Alfano and Crisfield, 2001; Turon et al., 2007) for the interfacial crack propagation and the William-Warnke model (William, 1974) , for the damage within the coating, are adopted.
The authors' complementary research on the damage mechanisms of cementitious coatings in axially loaded steel members has been extensively reported earlier (Chen et al., 2010 (Chen et al., , 2012a (Chen et al., , 2012b Jiang, 2012) . The key findings from this work were: in coatings under tensile loading, the damage begins with interfacial cracks at both ends, followed by transverse cracks within the coating resulting in its ultimate fracturing into multiple segments; under compressive loading, the damage also initiates at the ends with interfacial cracks and propagates towards the centre until the coating peels off completely. The bulk of this paper is intended to be a continuation of that work and presents a description of experimental and numerical studies carried out to investigate the damage mechanisms in cementitious coatings when steel structural members are under pure bending. A series of monotonically loaded beam tests is performed to investigate the damage on coated steel plates in pure bending. This is followed by numerical simulation and parametric analysis using a CZFE scheme. The experimental and numerical studies reveal consistent damage mechanisms in the cementitious coating on the steel plate in bending. It is hoped that this work will provide a basis for developing robust methodologies to determine the in situ condition of cementitious fireproof coatings as a consequence of real structural deformations under the action of severe loads.
Monotonically loaded beam bending tests

Specimens and measurements
Pure bending loads are applied on the cementitious material coated steel members to investigate the correlation of damage in the coating with the strains and curvatures in the steel members. To ensure that the insulated plate is in pure bending and to avoid more complex stress states, the test set-up is designed as shown in Figures 1(a) and 1(b), where the insulated length L is 500 mm, the width W is 60 mm and the thickness T is 20 mm. The specimens tested are listed in Table 1 . All the steel plates in tests are of the same size of 800 mm 3 100 mm 3 20 mm, as shown in Figure 1 (a). The measurements include central deflection and strains on top and bottom surfaces of steel plate. Because the glues used for installing strain gauges significantly affect the coating's stiffness and strength, only two specimens have been installed with strain gauges on the coatings. The installation of strain gauges is shown in Figure 1 (c) and Figure 1 (d).
Observation from the tests
For the case of the 20-mm-thick coating, when the curvature in the neutral plane reaches 0 . 67 3 10 À4 mm
À1
, interfacial cracks (number 1 in Figures 2(b) and 2(c)) are observed at both ends on the compression side and are observed to propagate towards the centre. When the curvature reaches 0 . 91 3 10 À4 mm
, the first transverse Curvatures corresponding to the first interfacial crack and the first transverse crack of all the specimens are compared in Table 1 . Another interesting fact is that cracks occur earlier with strain gauges glued on the coating, as shown by the specimens CW1-3 and CW2-1 listed in Table 1 . The glue used for strain gauges seems to increase the stiffness of the coating, resulting in higher interfacial stress and earlier cracking.
Conclusions from the tests
From the monotonically loaded beam bending tests, the following damage mechanisms in the cementitious coating on steel members in pure bending are observed.
(a) For the case of 20-mm-thick coating, interfacial cracks initiate from both ends on the compression side when the curvature in the neutral plane reaches around 0 . 6 3 10 À4 mm À1 and propagate towards the centre, followed by the occurrence of transverse cracks on the tension side. The thicker the coating is, the earlier the cracks occur. (b) The final failure mode is that the coating on the tension side fractures into several segments and the coating on the compression side peels off. In thinner coatings shear fractures may occur at ends on the compression side due to the effect of uplifting of the ends because of the curvature.
Numerical simulation
Cohesive zone model
From the experiments, two types of damage in cementitious coatings are observed, (a) mechanical damage within the coating; and (b) interfacial cracking between the coating and steel substrate. Thus, the modelling should be able to describe the formation and propagation of both types of damage.
For handling interface problems in numerical analysis, there are several approaches, such as contact analysis using zero-length spring elements, or directly coupling nodal displacement. Zerolength spring elements are commonly used for simulating singlemode interfacial behaviour in composite members, but it is difficult to resolve the damage state of the interface for different directions without addressing mixed-mode delamination. Directly coupling the nodal displacements at the interface can be used for analysing interfacial (bond) stress in the coating element next to the steel in the elastic regime, but it is not able to model the occurrence and development of interfacial cracking.
In this paper, a CZFE scheme is adopted for simulating the coating and steel substrate interfacial damage, in which a CZM in conjunc- Structures and Buildings Damage mechanisms in cementitious coatings on steel members in bending Chen, Jiang, Usmani and Li tion with contact pair (Conta173 and Target 171 in Ansys) is employed. In the CZFE approach, the interface is modelled with zero-length (initial state) elements. The constitutive law of the interface is the relationship between interface tractions and relative displacements. When the cohesive zone element is subjected to pure normal or shear stress (usually referred to as 'single-mode delamination'), the constitutive relationship between traction (t AE ) and relative displacement (ä AE ) has a general expression as below in Equation 1, in which the subscript AE can be 'n' or 't', referring to normal and tangential directions, respectively.
For the uncoupled model, two bilinear one-dimensional relationships can be assumed for the normal (AE ¼ n) and the tangential (AE ¼ t) direction respectively, as shown in Figure 3 (Alfano and Crisfield, 2001 ).
The constitutive law corresponding to Figure 3 can be expressed from a damage mechanics perspective as
where K AE is the initial penalty stiffness parameter, and a factor ö AE is applied to describe the stiffness degradation due to interfacial damage. Correspondingly damage parameter d AE is defined by Equation 3. A zero value of d AE represents the undamaged elastic interface, while d AE ¼ 1 indicates that the interface is fully damaged.
where, ä oAE and ä cAE are the elastic and critical relative displacements, and ä Ã AE is the maximum value of the relative displacement in the loading history (0
Since a proper simulation of debonding should consider both the opening mode and the sliding mode, a modified mixed-mode constitutive relationship is presented by Alfano and Crisfield (2001) . They set the ratio of relative displacement in the elastic regime to that in the softening regime to be equal for both the normal and tangential directions.
Then a mixed-mode damage parameter d m could be introduced on the basis of the ratio parameter ç.
where˜Ã m is calculated as below 
So far, the constitutive relationship has been developed for the interfacial behaviour before cracking, a damage law is also needed to identify when the interfacial cracking occurs. In Alfano and Crisfield (2001), an energy-based damage formulation is presented
where G n and G t are fracture energies calculated by the following equations
10:
Meanwhile G cn and G ct are critical fracture energies calculated in accordance with the single-mode delamination. For the bilinear traction/relative displacement relationship, the value of critical energy could be obtained by calculating the area under the bilinear curve
where the maximum traction along the normal and tangential directions (T cn , T ct ) can be set equal to normal and tangential bond strength ( f nb , f tb ) respectively, provided in Table 2 .
Finite-element model
Input data for CZM and the contact pair (Conta173 and Target 171 in Ansys) are listed in Table 2 . Because cementitious coating material behaves like a weak concrete, the Solid65 element with the William-Warnke model (William, 1974) , which has been specially developed for simulating concrete cracking and crushing, is employed to address the internal damage in the cementitious coating. In this work, the ambient hydrostatic stress for the William-Warnke model is assumed to be low. Thus, default values are used for stresses under ambient hydrostatic stress state. A crack in the Solid65 element is represented through modification of the stress-strain relations by introducing a plane of weakness in a direction normal to the crack face. Hence the shear transfer coefficients (â t and â c ) for the open and closed cracks should be specified. The input data for the Solid65 elements are also listed in Table 2 .
Non-linear compressive behaviour of the cementitious material is addressed by introducing a multi-linear kinematic hardening (MKIN) material model to the Solid65 element. The input data are shown in Table 3 in accordance with the results from compressive strength tests (Jiang, 2012) .
Element Solid45 with a bilinear kinematic hardening (BKIN) material model is employed to simulate the steel plate. For the BKIN model, a yield stress f y and tangent modulus E p are required to describe the post-yield behaviour. Input data for steel material properties are also shown in Table 2 .
The finite-element model for simulating the CW1-1 specimen test is shown in Figure 1 (e). The dimensions of steel plate and coating are 800 mm 3 100 mm 3 20 mm and 500 mm 3 60 mm 3 20 mm respectively. This model will be used to simulate both the tension and compression sides.
Comparison and validation of CZFE scheme
The proposed CZFE scheme has been previously employed by the authors for investigating interfacial stress distribution between the coating and steel substrate on axially loaded steel members, and verified by comparing against an analytical interlaminar stress solution, directly constrained nodal displacements and CZM and contact elements Figure 4 as 'Analytical solution', 'Displacement constrained' and 'Combin 39' respectively). In Figure 4 , all the data points are obtained along the centroidal axis of the interface, with only half the length (0,50 mm) depicted, owing to the symmetry of the interface.
The analytical interlaminar stress solution, initially proposed by Wang (2008) in his doctoral dissertation, is based on elastic fracture mechanics with an assumption that the tangential and normal interlaminar stresses could be expressed as follows
where the parameters a n and b n are determined by applying mechanical equilibriums and the minimum energy principle.
Wang (2008) proposed his analytical solution for the interfacial stresses as below.
In the simulation employing zero-length spring, at each pair of matching nodes, three spring elements of Combin 39 are employed to simulate the contact in normal, longitudinal tangential and transverse tangential directions respectively. The constitutive relationships of Combin 39 elements along normal and tangential directions are set in accordance with the material properties obtained from tests by Jin (2011) and Chen et al. (2012b) .
From Figure 4 (a), normal interfacial (bond) stress curves are generally of the same shape with maximum normal interfacial stress located at the very end of the interface; however, differences can be seen near the end (40,50 mm) of the interface. It is noticed that there is a 10 mm (35,45 mm) compressive (negative) zone for the analytical solution, but all the numerical approaches did not capture this phenomenon, which is due to the chosen discretisation and can be improved with a finer mesh. However, since negative normal bond stress will not cause debonding and affect the damage mode, it was considered acceptable to retain the chosen mesh.
For the tangential interfacial stress, results from different solutions also have similar shapes, except for the difference at the Figure 4 (b). For the analytical solution, the interfacial stress drops to zero at the end. However, boundary conditions could not be precisely satisfied in finiteelement analyses given the continuity limitation of displacement shape functions and the presence of a singularity at the corner of the coating-steel interface. A finer mesh may help but cannot fundamentally solve this problem.
Simulation results
The coatings on the tension side and the compression side show different damage mechanisms (Figure 5 ), which will be described in detail in the following subsections.
Tension side
When the steel plate is in pure bending, the curvature at the neutral plane is adopted to interpret the damage, since strain can be represented using curvature and depth. The damage propagation has been detailed in Table 4 and the simulated damage mechanism is shown in Figure 5 (a). The contact element status, contour plot of normal bond stress and the first principal stress in the coating are shown in Figures 6, 7 and 8 respectively. From Table 4 and Figures 6-8 , cracks initiate at both ends of the interface (Figure 6 
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No damage yet, critical condition for interfacial damage 1 . 063 3 10
Damage initiates at ends of interface 1 . 064 3 10
Delamination at both ends of interface 1 . 068 3 10
Interfacial crack propagates towards centre 1 . 069 3 10
Bending fracture at both ends 1 . 112 3 10
More severe interfacial damage and peel off of coatings (Figure 7 (f) and Figure  8 (f)). The final failure mode is that the coating fractures into several segments with delamination at both ends. Compared to the damage mechanisms observed in cementitious coatings on axially loaded steel members in tension, the coating on the tension side in bending undergoes more severe interfacial damage with longer and larger delamination, as well as the occurrence of surface cracks.
The damage mechanism and damage propagation from the simulation agrees well with the test results as shown in Figure  2 (a), although differences exist in the correlation of curvatures to different damage states.
Interfacial cracking can also be detected from Figure 9 (a) and Figure 9 (b). When the curvature increases from 0 . 37 3 10 À4 mm À1 to 0 . 39 3 10 À4 mm
À1
, both the normal bond stress and tangential bond stress at the ends drop from maximum values to zero, which indicates the occurrence of delamination. The occurrence of transverse cracks can be detected from Figure 9 (c), Figure 9 (d) and Figure 10 , as the first principal stress at the location of the crack drops from its maximum value to zero once the crack occurs. The difference between the centre parts of and 0 . 448 3 10 À4 mm À1 denotes the occurrence of non-throughthickness transverse cracks starting from the top surface, as the first principal stress at the top surface drops from its maximum value to zero, but no drop is observed for the first principal stress at the surface 5 mm below (shown in Figures 7(f) and 8(f)). This non-through-thickness crack is caused by the effect of curvature.
Compression side
The same finite-element model has been adopted to simulate damage propagation in the cementitious coating on the compression side. Figure 5 (b) shows the simulated damage mechanism, which is explained in Table 4 and Figures 11-13 . When the curvature at the neutral plane reaches 1 . 056 3 10 À4 mm
À1
, there is no damage. When the curvature reaches 1 . 063 3 10 À4 mm À1 , damage initiates at both ends of interface (Figure 11(a) ), and then interfacial cracks occur at both ends (Figure 12(a) and Figure 12(c) ). With a further increase of curvature, the interfacial cracks propagate towards the centre (Figures 11(c) and 11(d) ,
Nodal solution
Step 295 (Figure 12(e) ). The shear fracture is caused by the moment from the uplifting force at the end due to the effect of curvature. The damage mechanism and damage propagation observed from simulation agrees well with the test results, as shown in Figure 2(b) , although the correlation of curvature with different damage states is not exactly the same. The effect of curvature in bending makes this behaviour somewhat different from the damage mechanisms observed in cementitious coatings on axially loaded steel members in compression, where only delamination damage is observed.
Initiation of interfacial cracks can be seen in Figure 13 . When the curvature increases from 1 . 057 3 10 À4 mm À1 to 1 . 064 3
, a sharp change can be observed in the distributions of both the normal and tangential bond stresses, where the maximum values at both ends drop to zero, indicating failure of the bond.
Parametric study on coating size
Further tests are carried out to investigate the influence of coating size, thickness and length on the damage mechanisms. A number of numerical examples, of coating sizes 500 3 60 3 30, 500 3 60 3 40, 300 3 60 3 20 and 700 3 60 3 20, are simulated and compared against the reference case of 500 3 60 3 20 (L 3 W 3 T, mm 3 ). The dimensions of corresponding steel plates are, 800 3 100 3 20, 800 3 100 3 20, 600 3 60 3 20 and 900 3 60 3 20.
Damage propagations against curvature at the neutral plane for Offprint provided courtesy of www.icevirtuallibrary.com Author copy for personal use, not for distribution different thicknesses are compared in Table 5 for the tension side and compression side. The damage mechanisms found for different thicknesses and lengths of coatings on the tension and compression side are shown in Figure 14 and Figure 15 , respectively.
From Table 5 and Figures 14 and 15 , it is noted that increasing the coating thickness causes an earlier (at lower curvatures) occurrence of interfacial and transverse cracks, and an earlier failure, as well as the change of the damage mechanism. The earlier occurrence of cracking can also be observed in Figure 16 . The key reason for this is that increasing the coating thickness increases the bond stresses (both normal and tangential). From Figures 16(a) and 16(b), the 40-mm-thick coating already has an interfacial crack at both ends, at curvatures for which no cracks occur for 20 mm and 30 mm coating thicknesses. The damage mechanism may also change with thickness. In the 20-mm-and 30-mm-thick coatings on the tension side, transverse cracks are observed. But there are no transverse cracks for the 40-mm-thick coating. For the 20-mm-thick coating on the compression side, through-thickness shear fractures occur due to the effect of curvature. Nevertheless, no through-thickness shear fracture is observed for cases of 30 mm and 40 mm. The effect of thickness has also been observed in tests (Figure 2 , Table 1 ).
The length of coating does not have a significant effect on damage propagation and the damage mechanism if it is sufficiently long for shear transfer.
Conclusion
Monotonically loaded beam bending tests and numerical simulations have been conducted for investigating the damage mechanisms in cementitious coatings for steel members in bending. The influence of coating size has also been studied. The main findings from this work are listed as follows.
(a) For the coating on the tension side, damage initiates from the interfacial cracks at both ends, followed by transverse cracks within the coating. The final failure mode is that the coating 
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Step 792 This paper, along with the previous work that it builds on, provides a basis for developing an assessment method to determine the condition of cementitious coatings in real structures under a variety of loading conditions. However, the aim of this research has so far been to understand and quantify the nature of the failures under relatively simple monotonic and quasi-static loading leading to simple stress states (axial compression, axial tension and flexural). As this does not represent realistic loading conditions in a real building, further work needs to be done to establish how the basic failure mechanisms of cementitious coatings identified so far manifest themselves when the coatings are subjected to cyclic and dynamic loading with possible torsional components and correspondingly complex stress states. Furthermore, a great deal of variability in the properties of cementitious coatings has been observed in the experiments, which points to the desirability of a probabilistic framework for using these data as a basis for a methodology to determine damage magnitudes under realistic loading conditions. The authors are currently working on such a framework. Financial support from the Natural Science Foundation of China Offprint provided courtesy of www.icevirtuallibrary.com Author copy for personal use, not for distribution
